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Structural Characterization 

The selective area electron diffraction (SAED) patterns obtained, aligned along their main axis, 

from the UC and the 160Fe samples shown in Figures S2a and S2b, respectively, clearly 

demonstrated the differences in the structure for LiMn1.5Ni0.5O4 (LMNO) before and after iron 

oxide ALD coating, which was also confirmed by unidentified peaks in XRD spectra of 160Fe 

(Figure 2). In comparison, pristine LMNO showed fewer lattice peaks in the spinal diffraction 

pattern in the (100) zone than the 160Fe. These extra peaks, for the case of 160Fe, correspond to 

the cubic phase (P4332)1.  

 

X-ray photoelectron spectroscopy (XPS, Kratos Axis 165) was used to study the oxidation state of 

Fe by employing Al K (α) excitation, operated at 150 W and 15 kV. The peaks were corrected with 

C 1s at 284.6 eV. The values for the Fe2p3/2 peak reported in the literature differs by 0.9 eV 

between two extreme values 710.6 eV 2 and 711.5 eV3. As shown in Figure S5, the 30Fe and 40Fe 

samples show a very sharp peak of Fe 2p at 711.5 eV, which is very close to the observed Fe (III) 

2p3/2 in Fe2O3
4-7. Also, these two samples show a small peak at 724 eV, which is very close to the 

observed peak of Fe (III) 2p1/2 in Fe2O3
4-8. This indicates that the iron oxide deposited by ALD is 

Fe3O4 or -Fe2O3 as peaks for Fe (II) as well as Fe (III) oxidation state was observed. A faint 

confined peak at 710.1 eV for the 40Fe sample is representing Fe3O4. There is also a small satellite 

peak at ~717 eV in the 30Fe and 40Fe samples, which indicates the existence of Fe2O3, as reported 

by Gota et al9. Iron at an intermediate oxidation state in Fe3O4 with a mixture of Fe (II) and Fe 

(III) presents a BE value of 710.2 eV. The Fe3+ component of Fe 2p3/2 in γ-Fe2O3 is at 710.1 eV. 

The peak-shifts for 30Fe, 40Fe, and 80Fe samples are because that the main difference between 

the two sets of samples is the coordination of the Fe3+ cations. In the α-compounds, the crystal 
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structure is oriented in such a way that all of the cations are octahedrally coordinated. In the γ-

compounds, on the other hand, three-quarters of the Fe3+ cations are octahedrally coordinated 

whereas the other quarter of the cations are tetrahedrally coordinated. This also explains the 

satellite peaks, as proven in literature10, the XPS Fe 2p spectrum of 40Fe possesses smaller satellite 

intensity as compared with that of 30Fe due to the larger Fe 3d to O 2p hybridization in 40Fe, 

which has higher amount of γ-Fe2O3. The formation of a conformal iron oxide ALD layer on the 

surface can act as an artificial solid permeable interface (SPI) layer and helps prevent electrolyte 

decomposition at higher voltage6. The XRD and SAED results indicate that Fe in some oxidation 

state has penetrated into the lattice structure of LMNO11,12.   
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Figure S1. TEM images of 160 cycles of iron oxide ALD coated LiMn1.5Ni0.5O4 particles. 

Conformal iron oxide film coverage shown in (a), (b), (c), and (d) at different 

magnification levels. 
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Figure S2. SAED patterns from TEM images of (a) uncoated, and (b) 160 cycles of iron oxide 

ALD coated LiMn1.5Ni0.5O4 particles. 

(a) 

(b) 
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Figure S3. EDS spectra of (a) uncoated, and (b) 160 cycles of iron oxide ALD coated 

LiMn1.5Ni0.5O4 particles. 

(a) 

(b) 
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Figure S4. Iron contents on LiMn1.5Ni0.5O4 particles versus the number of ALD coating cycles. 
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Figure S5. Fe 2p XPS spectra of 30, 40, and 80 cycles of iron oxide ALD coated LiMn1.5Ni0.5O4 

samples. 

 

  

550

600

650

700

750

800

850

900

700 710 720 730 740 750

In
te

n
si

ty
, 
a

.u
.

Binding Energy, eV

30Fe

40Fe

80Fe

Satellite

Fe 2p1/2Fe 2p3/2



10 

 

 

 

Figure S6. MÖssbauer spectrum of the 160 cycles of iron oxide ALD coated LiMn1.5Ni0.5O4 

samples showing a sextet and a doublet site at the center. 
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